Abstract. The laser generation d ultrasound in solids is reviewed with particular emphasis on the application of this unique ultrasonic source. Three regimes for the generation of ultrasound in solids using lasers in the visible near infrared wavelength region exist: thermoelastic, plasma and constrained surface source regimes. The mechanism for ultrasonic generation in each of these regimes is given. Recent experimental investigations into laser-generated unrasound are also described, including a description d a different mechanism for the generation of ultrasound in solids using a COn laser. Finally, the many applications of lasergenerated ultrasound are reviewed. These applications range from nondestructive testing to the determination of candle flame parameters. Possible future applications are also outlined.
Introduction
Since the early 1960s there has been considerable interest in the production of ultrasonic waves by irradiation of a solid with a laser pulse. This interest reached its zenith, in terms of the number of papers published, in the early 1980s. Early experiments concentrated on recording the elastic wave produced by the interaction of a laser pulse with a solid. Subsequently, more detailed investigations were undertaken, in association with mathematical modelling, to characterize more fully the laser source. In addition to obtaining an understanding of the laser source, investigations were undertaken to determine areas of applicability. Most of the present research efforts in laser-generated ultrasound concentrate on the areas of application of this non-contacting, highly repeatable source of broadband ultrasound.
This review paper describes the mechanisms for laser generation of ultrasound. The initial investigations and more derailed descriptions of the generation mechanisms may be found elsewhere, for example Scruby et a1 (1981) , Cooper (1985) , Aindow (1986) , Hutchins and 'Eim (1986) , Aussel et a1 (1988) , Scruby (1989) and Scruby and Drain (19%) .
It is the intention of this paper to concentrate on the areas of application of this unique ultrasonic source.
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Characterization of the laser ultrasonic source
Three regimes for the production of ultrasound on metals using lasers with wavelengths in the near infraredhisible wavelength region were identified; the comments about the bulk waves refer to the epicentral amplitude.
(i) The thermoelastic regime with typical power densities < io7 W for a metal in the near infraredhiBible wavelength region. In this generation regime the amplitudes of the compression, shear and surface (Rayleigh) waves increase linearly with increasing power density (Scruby er al 1981).
(E) The plasma regime with typical power densities 2 lo7 W for a metal in the near infraredhrisible wavelength region. The generation of compression and surface (Rayleigh) waves is enhanced in this generation regime, whilst the shear wave amplitude reaches a maximum near the onset of a plasma and then steadily decreases with increasing power density (Scruby er a1 1981).
(i) The constrained surface source regime, which occurs for power densities in both the thermoelastic and plasma regimes. The amplitudes of the compression, shear and surface (Rayleigh) waves are enhanced when a transparent constraining layer is used. 
The thermoelastic regime
Generation of ultrasound in the thermoelastic regime occurs through thermal mechanisms. The acoustic source model consists of a thin heated disc extending into the solid to a depth determined by heat diffusion. The diameter of the source is determined by the laser beam diameter and the depth does not exceed that to which significant heating takes place in the duration of the laser pulse. Elastic waves are generated within this zone by strains arising from thermoelastic expansion which, because of the nature of the source, act radially outwards from the centre, in the plane of the surface, with approximately Heaviside time de- pendence. Physically this can be thought of as rapid heating by the laser pulse of the thin disc, with subsequent rapid expansion, followed by a much slower rate of contraction.
Using the differential heat equation for a semiinfinite medium, the temperature distribution, and consequently lateral strain, developed across the surface can be calculated. This strain is proportional to the laser energy absorbed from the incident beam and is thus inversely proportional to the wavelength as the absorption generally decreases with increasing wavelength in the infraredh.isible wavelength region Studies of the variation of the amplitude of the compression and shear waves as a function of laser wavelength verified this prediction (Aindow el a1 1980).
Using this force distribution it is possible to calculate the surface and epicentral displacements. The calculation of the surface displacement for a point radial loading of a half space with Heaviside time dependence has been described by, for example, Cooper (1985) and Sinclair (1979). The theoretically predicted surface displacement for a point radial force with Heavidde time dependence is shown in figure 1. The compression wave arrival is too small to be seen on this scale. The discontinuity at the Rayleigh wave arrival time disappears when a detector with a finite frequency response and sensing region is used. Cooper (1985) has shown experimental waveforms which agree with this theoretical prediction. Scruby ef a1 (1980) and Dewhurst ef a1 (1982) used a Green function formalism to obtain the epicentral displacement due to a thermoelastic source. Similarly Rose (1984) considered the p i n t source as a surface centre of expansion (SCOE) and obtained a formal solution again using a Green function formalism. Cooper (1985) used the method outlined above to obtain the epicentral displacement for a thermoelastic source and this is shown in figure 2(u). An example of the experimental epicentral waveform obtained with a thermoelastie source is shown in figure 2(b) . Note the relatively small positive spike before it goes negative at the compression wave arrival time.
The theoretical modelling of the thermoelastie source described above took no aecaunt of thermal diffusion into the solid. Doyle (1986) and McDonald (1990) considered the effect of thermal diffusion on the predicted epicentral displacement to determine whether it was a significant contribution. The theoretical epicentral waveform obtained by this method had an initial positive spike at the compression wave arrival time. The ratio of spike height to the compression wave step was about 0.7, which agrees with the ratio obtained experimentally by Scruby ef al (1981) and with the ratio obtained in figure 2(b) . Thus thermal diffusion was considered to be a major cause of the initial positive spike of the epicentral waveform.
Physically the appearance of the initial positive displacement at the epicentre can be understood by considering the contribution arising at a particular time from a small depth below the irradiated surface. The source can be considered to propagate, in a diffuse manner, into the bulk. This causes a small time de- lay between the direct compression pulse and the pulse that is reflected at the surface boundaly, so that there is incomplete cancellation and pulses appear at the compression arrival. As the rise time of the incident laser pulse decreases the amplitude of the positive displacement increases.
Other recent papers reporting on the lasergeneration of ultrasound in the thermoelastic regime include Rudd (1983) , Aindow (1986) , Krylov et al (1986) , Aharoni d al (1989 ( , Aleshkevich d al (1987 , Askar'yan and Yurkin (1987) , Bresse and Hutchins (1988) , Kolomenskii (1988) and Sullivan ef d (1988) . Rudd (1983) calculated the sound power and efficiency of ultrasonic generation for the thermoelastic regime as well as for generation by radiation pressure and in the plasma regime. Sullivan et d (1988) considered the thermoelastic generation of ultrasound using a numerical finite-element technique. Their results compared favourably with the more rigorous analytical treatments outlined above. Aindow (1986) and Aharoni d a1 (1987) conducted further experimental investigations of the properties of laser-generated Rayleigh waves. They demonstrated that the width of the ultrasonic source affects the Rayleigh wave profile. As the width of the source increased, the Rayleigh wave time profile broadened. This is a result of the thermal distribution generated by the laser pulse. For example, the thermal stress generated by a Gaussian shaped laser pulse profile has a distribution which is the differential of the laser profile. The maximum stress occurs at the half-width points and generation occurs throughout the ultrasonic source.
Therefore, as the incident laser pulse profile broadens, ultrasonic generation occurs over a larger source size, resulting in a broadened Rayleigh wave profile.
The effect of source size on the generation of compression and shear waves was considered by Bresse and Hutchins (1988) . They considered the acoustic radiation fields from wide or finite-size sources, which is a more realistic approach to the experimentally obtained source. They demonstrated (see figure 3(u) ) that, for a uniformly illuminated source, all signals are generated at the edge of the laser beam. An apodized source, figure 3(6), results in a waveform with compressional and shear components being emitted from the whole source.
Off-epicentre it was observed that the amplitude of the compression and shear waves varied as a function of angle measured from the surface normal. For a circular ultrasonic source in an isotropic solid, the directivity would be expected to be axisymmetric. This was found to be the case, as the amplitude of the wave mode recorded at a particular angle from the surface normal was the same, within experimental error, at all corresponding locations around the source. Cooper (1985) and Scruby e! 01 (1981), using a method similar to that described by Lord (1966) and Rose (1984) ,
Laser-generated ultrasound 2%-I I , / / )/ / ), , ), , , normalized time l t / t C l Figure 3 . Sources and waveforms generated by a pulsed wide laser beam using the thermoelastic generation mechanism: (a) a uniform distribution cf optical energy leads to forces in the form of a ring of expansion at the beam edge, resulting in mmpression and shear wave generation at the edge; (b) an apcdization function leads to forces that increase linearly from the centre outwards, leading to mmpression and shear wave components from the whole source (after Bresse and Hutchins (1988)).
calculated the expected directivity of the compression and shear wave generated in the thermoelastic regime. These directivities are illustrated in figure 4 along with the experimental compression wave directivity, obtained by, for example, Hutchins (1981 ), Cooper (1985 and Aussel ef al (1988) . Measurement of the shear wave directivity is hampered by the head wave which arrives at approximately the same time. The directivities of Rayleigh waves generated by a circular and line-shaped laser ultrasonic source in both the thermoclastic and plasma regimes have also been determined (Aindow er a1 1982). The partition of the total ultrasonic energy in the thennoelastic regime into the various acoustic modes as a function of Poisson's ratio was determined by Rose (1984) and Cooper (1985) . Their results are summarized in table 1.
The plasma regime
At higher power densities, thermoelastic generation is supplemented by the ablation of electrons and ions, forming a plasma, with consequent expansion of the plasma away from the surface of the metal. The resulting momentum pulse is transmitted into the solid, thus enhancing the production of the epicentral compression wave pulse. A small ablation pit, about 5 pm deep, is formed by this process. Although the amplitude of the epicentral compression wave generated is in-S J Davies et af creased, this damage may make it impractical for use in some applications. The source of ultrasound in the plasma regime has a stress distribution which may be simply modelled as the transient response of an elastic half-space due to the application of a normal, point force at the surface with arbitraly time dependence. Its time dependence consists of the recoil force of evaporating surface material and a longer time scale decreasing force due to the pressure exerted over an increasing circular area by the expanding plasma. The response of the surface to a normal driving force with Heaviside time dependence has been derived by Pckeris (1955) and is shown in figure  5 (a) for a source-to-detector displacement of 55 mm on an aluminium surface. If the source size, detector size, bandwidth and decreasing driving force are taken into account then the constant negative displacement after the Rayleigh wave arrival is replaced by a displacement tending towards zero over a longer time scale than the initial rise. This is shown in figure 5 (b) for a plasma regime laser-generated Rayleigh wave propagating in aluminium Flgure 5. (a) Theoretical surface dlsplacement in aluminium for plasma regime source (after Pekeris (1955) Knopoff (1958) and Sinclair (1979) . The epicentral displacement for a normal driving force with 6 time dependence is obtained by differentiating KnopoFs solution and this 6 shown in figure qa). Figures 6(b) and (c) show experimental epicentral waveforms for a weak and a strong plasma generated above the surface of a 10 mm thick stainless steel sample. This source produces positive (outward) displacements, whereas the thermoelastic source causes negative (inward) displacements. Note that, for a relatively weak plasma, the thermoelastic contribution is still significant
The directivity patterns for ultrasound generated in the plasma regime are shown in figure 7 and table 1 sum- 1990) . The mechanism for the production of ultrasound in metals at the CO2 wavelength (10.6 fim) is different from those described here and will be discussed in a later section. irradiated surface upon the amplitude of the different wave modes have also been conducted (Hutchins et a1 1981a). Coatings such as oil, resin and grease as well as a transparent constraining layer were used. For all the coatings used, an enhancement in the amplitude of the various acoustic modes of > 20 dB was observed. The various modifications to the surface effectively result in a buried source at the coating surface boundary. A stress-free boundary at the surface no longer exists and this results in the development of normal stresses. This occurs at all incident power densities. The nature of the source is different and more closely resembles the plasma regime source. Ablation of the coatings was observed at power densities sufficient to form a plasma.
Recent experimental investigations wing laser-generated ultrasound
A number of investigations have been concerned with the laser generation of ultrasound on different materials using lasers with different wavelengths and pulse profiles. These investigations are summarized in table 2 and, since the experimental arrangement was similar in each case, it is not considered worthwhile to describe them in more detail here. The interested reader is referred to the references. Other research has concentrated on using a laser pulse with appropriate optics to achieve a mode of operation to suit a particular application and these are now described.
Wagner el a1 (1988) repetitively Q-switched the light output from an Nd :YAG laser during a single flashlamp Laser-generated ukrasound cycle. This resulted in a series of pulses which could irradiate a solid and hence produce a series of ultrasonic pulses. Individual pulses from the @witched Nd :YAG laser had typical time widths of about U ) ns and pulse energies of 5-15 mT per pulse. These were focused onto a steel surface so as to produce a peak power density of 10' Wan-'. The smallest spacing between individual pulses was 18.7 ps, corresponding to a repetition frequency of about 50 WZ. Up to ten individual acoustic pulses were detected using a 500 kHz bandwidth acoustic emission type piezoelectric transducer. The authors concluded that it was possible to generate a narrowband ultrasonic pulse with a modulation frequency the same as the optimum frequency sensitivity of an interferometer. McKie et of (1989) used a lenticular lens array to generate up to seven simultaneous line sources from a single Q-switched laser pulse. This had a similar effect to that described by Wagner et a f (1988) above, in that a series of ultrasonic pulses was generated and recorded at angles of 6oa and 80" from the plane of the sample surface.
Another variation on the use of multiple sources is to develop a laser array such that the laser source moves over the surface of a sample. A moving thermoacoustic array has been considered theoretically by, for example, Westervelt and Larson (1973) , Chotiros (1988) and Berthelot (1989) . By varying the speed at which the thermoacoustic source moves over the surface, it is possible to generate a plane wave in a particular direction.
Also, as the incident laser energy is spread over a larger area, it is possible to remain within the thermoelastic regime whilst using larger laser pulse energies. Addison et al (1987) considered both an array of thermoelastic sources and the use of a Michelson interferometer to form an array of detectors. Bruinsma and Vogel (1988) directed an incident laser pulse into several optical fibres of differing length. They demonstrated (see figure 8) that the directivity of the laser array source could be changed by wrying the distance between successive fibre ends on the surface of the sample.
Ishikawa et af (1990) set up an interference pattern on a sample surface by splitting an incident laser beam into two and directing the two beams onto the same region of the sample surface as illustrated in figure 9(a).
A similar amngement had been reported previously by Nelson et ut (1982) . This resulted in the production of ultrasound (coherent acoustic phonons) with frequencies ranging from about 80 MHz up to about 1 GHz By changing the crossing angle of the laser beams, it is possible to change the fringe spacing and hence the frequency of ultrasound produced (see figures s(b) and (c)). The technique has also been used to generate periodic Rayleigh and Lamb waves in the 1-20 MHz region (Nakano and Nagai 1991).
Von Gutfeld et uf (19834 b) described a technique for increasing the efficienq of the thennmlastic generation of ultrasound by effectively increasing the area over which the laser energy is distributed. This was aG complihed using an acoustic holographic lens structure which is basically a grated mask with absorbing and nonabsorbing strips evaporated onto the sample surface. Cielo et uf (1985) described another method for increasing the area over which the laser energy is distributed (see figure 10 ). Using a positive axicon lens, an annular source was produced on a sample surface (12 mm wide of diameter 15 mm. This annular source produces a convergent Rayleigh wave which has i$ maximum amplitude at the centre of the annulus. The amplitude of the Rayleigh wave at the centre of the annulus was a factor of 20 larger than the Rayleigh wave produced using the same sample from a line source with the same incident laser energy.
A new and exciting development in the area of lasergenerated ultrasound has recently been described (Thylor 1990, Bylor et al 1990) whereby ultrasound is generated by a mechanism different from those previously \ . - (ii) and (iii), containing 5 x lo-* mol I-' Na-fluorescein. The maximum diffraction efficiency is about 25% (i), 35% (ii) and 20% (iii).
(c) Observed phonon signals, oscillating components of the diffracted light intensity: (i) to (iii) corresponds to (i) to (iii) In (b). Phonon frequencies in (i), (ii) and (iii) are 81.8, 164 and 245 MHz respectively, described. The source originates from a COa laser, operating at 10.6 j" with a pulse energy of about 1 J. At t h i s wavelength most metals reflect more than 98% of the incident light, such that the thermoelastic and consequently the plasma regimes for ultrasonic generation are not achieved. The CO2 laser pulse interaction with a metal surface does, however, generate a plasma above the irradiated metal. The rapid formation of a plasma, generated within the rise time of the laser pulse, produces an intense shock wave both in the target and in the surrounding air. The sudden application of this shock wave results in a near-normal force at the sample surface and the subsequent generation of compression, shear and surface (Rayleigh or Lamb) waves within the material.
The mechanism for the plasma breakdown of the air, and hence ultrasonic generation, relies upon the presence of either oxides or small defects at the target surface (Walters et a1 1978) which, upon irradiation, produces a dense region of electrons above the sample surface (Weyl et a1 1980). Subsequent absorption, by inverse Bremsstrahlung, of the incident radiation by these electrons results in a cascade ionization process and the formation of a laser-detonated plasma. Thc resultant motion of plasma depends on the initial radiation density and that portion of the laser pulse still interacting with the plasma. Essentially two distinct plasma motions exist: the laser plasmatron (LP) (Barchukov and Prokhorov 1976) , which expands hemispherically about the target surface, and the laser-detonated wave (LDW) (Ramsden and Savic 1964) , which rapidly propagates away from the target and subsequently expands spherically in the air as the laser pulse finishes. The two regimes depend on the plasma electron density which, in turn, is a function of the initial radiation density.
The most efficient ultrasonic generation results from an Lp source producing epicentral displacements comparable to those produced in the plasma regime by a 200 mJ, about 15 ns wide, Q-switched Nd :YAG laser pulse focused to a 2 mm diameter source size pylar et a1 1990). Unlike the Nd : YAG laser source, the CO2 LF-ultrasonic source produces no surface damage.
The source strength from a CO2 laser thermoelastic interaction with non-metals is enhanced over that of, for example, an Nd :YAG laser thermoelastic source in (vi) It produces simultaneously compression, shear and surface (Rayleigh) waves on thick (typically > 1 mm) samples. On thin samples (typically < 1 mm thick) it produces symmetric and antisymmetric Lamb WaveS.
(vii) Each acoustic mode has a characteristic direG tivity pattern which may be optically modified to suit a particular application. Using appropriate optics, the laser can be used to produce a train of pulses at a particular frequency.
(viii) Owing to its non-contact nature, the ultrasonic source does not load the surface of the sample in which ultrasound is generated and avoids the problem of material degradation if a couplant is used.
(ix) It has the ability to monitor changes in ultrasonic travel time as a function of pressure and temperature.
(x) Used in association with interferometric detection (termed 'laser ultrasonics' by Monchalin et a1 (1988a,b) ) a completely remote generation and detection system is available.
(xi) By virtue of its remoteness it allows achievement of faster scanning of a surface.
(xii) Using a laser of high repetition rate, it is possible to generate ultrasound in a series of components on, for example, a production line, to increase the signalto-noise ratio or to increase the inspection resolution. figure 11 . Increasing the incident COz laser pulse energy at the sample surface results in the ablation of ions and electrons, with subsequent production of a plasma, resulting in an ultrasonic source similar to the plasma regime source described previously.
Time ips1 4. Applications of laser-generated ultrasound
The application of laser-generated ultrasound has been investigated, to varying degrees, since 1963. Most of the examples given are for ultrasound generated using lasers with wavelengths in the near infrared/visible wavelength regioa Before these areas are outlined, the properties of laser-generated ultrasound are summarized.
(i) It is a non-contacting source of ultrasound which permits the generation of pulsed ultrasound on hot or rough samples and in hostile environments.
(ii) It is a reproducible source of ultrasound from shot to shot.
(iii) Accurate time resolution is possible owing to its broadband characteristics.
(N) Ultrasound is generated by three mechanisms at the near infrared/visible wavelengths. thermoelastically, ablatively or beneath a constrained layer. Each of these mechanisms results in signifcantly different source characteristics. Thus a particular mechanism for ultrasonic generation may be chosen to suit a particular application. Plasma regime production of ultrasound results in some surface damage, which may make it inappropriate for use in some applications. At the CO2 wavelength, ultrasound is generated by a different mechanism and no surface damage on metals results.
(v) The laser pulse can be focused to produce a good approximation to a point source. Thus it may be used to generate ultrasound on very small samples or on areas inaccessible to piezoelectric probes.
Non-destructive testing (NDT)
The immediate and most obvious application of laser-generated ultrasound was in ultrasonic nondestructive testing of materials. Essentially the inspec tion techniques used are the same (see, for example, Krautkramer and Krautkramer (1977) , McGonnagle (1982) and Silk er al (1987) ) except that the piezoelectric probes are replaced by the laser source and a remote detector. Examples of the type of remote ultrasonic detectors used include the capacitance transducer (see, for example, %ruby and Wadley (1!378), Aindow et a1 (1987) and Kim et a1 (1989) ), the electromagnetic acoustic transducer or EMAT (see, for example, Frost (1979) and Hutchins and Wdkins (1985) ) and interferometry (see, for example, Monchalin (1985 Monchalin ( , 1986 and Paul et a1 (1987) ). Thomsen ef a1 (1986) have described a technique for the detection of ultrasound generated by a picosecond laser from measurements of the change in reflectivity of the sample surface. A range of broadband ultrasonic transducers were compared as detectors of laser-generated ultrasound by Dewhurst et aZ(1987a) .
In a major@ of practical applications in industry, piezoelectric probes are sufficient for the detec tion and characterization of defects. Laser ultrasonics (laser generation and interferometric detection) can, by virtue of its properties, improve the already established techniques. It also allows further applications to be exploited which are not possible with piezoelectric probes. One disadvantage of laser ultrasonics for nondestructive testing is the surface damage caused when ultrasound is generated in the plasma regime. This damage may be acceptable on some components. When a COz laser is used to generate comparable amplitude ultrasound in metals, no surface damage results.
The earliest descriptions of the use of lasergenerated ultrasound in locating flaws within a sample were given by Bondarenko er a1 (1976) and Von Gutfeld and Melcher (1977) . Bondarenko et d (1976), using laser-generated ultrasound and interferometric detection, noted that the technique could be used for thickness gauging, high-resolution flaw detection and for the determination of velocity and elastic moduli of materials. Von Gutfeld and Melcher (1977) demonstrated the flawdetection capabilities of laser-generated ultrasound by scanning the source over an aluminium cylinder containing several drilled holes. With the source and deteG tor directly in line with a defect, a change in the signal shape was observed. The effect of various constraining layers on the amplitude of the ultrasonic signal was also investigated. Other early papers which give examples of the use of laser-generated ultrasound in the location of flaws within a sample include Bar-Cohen (1979 ), Calder and Wdcox (1980 ) and Von Gutfeld (1980 . In addition to nondestructive testing, Calder and Wdcox (1980) demonstrated that laser ultrasonics could be used to measure the acoustic velocity in a liquid metal column at the point of melting. Such measurements are useful in obtaining a more complete evaluation of the thermodynamic state of a liquid metal.
Dewhurst et d (1986), Hutchins and Hauser (1989, Hutchins el d (1987, 1989a) and Hu et a1 (1989) have reported on the use of laser-generated ultrasound and EW detection. Initial investigations by Dewhurst ef d (1986) and Hutchins and Hauser (1987) demonstrated the use of a I~~CI-EMAT system in defect detection and location. Later papers used ultrasonic tomographic reconstruction to produce images of the internal s t r u~ ture of objects containing defects. The technique was demonstrated using a cylindrical aluminium sample containing a entral cylindrical hole and the experimental arrangement is shown in figure 12 Monchalin et a1 (1988a, b) have concentrated on developing a laser ultrasonic system for industrial applications. One drawback in the implementation of laser ultrasonics in an industrial environment for nondestructive testing is the relatively poor surface liniih of the majority of the components to be tested. A confocal Fabry-PCrot interferometer has been developed which has been shown to operate for rough surfaces.
However, on totally absorbing surfaces the interferometer cannot be used. 'lb overcome this problem, the incident Nd :YAG laser pulse, in addition to generating ultrasound, was used to clean @y ablating some of the absorbing coating) the irradiated area, thus allowing the Fabry-Pkrot interferometer to be used. This cleaningfor-receiving arrangement, illustrated in figure 13, was used in thc thickness gauging of seamless pipes and in locating internal flaws. Other papers reporting on the use of laser generation and interferometric detection for non-destructive testing include Sarrafzadeh et a1 (1986) who directed the generating laser beam to the sample surface using a fibre optic cable. The acoustic transients were detected by a fibre-optic interferometer. Such a system, shown in figure 14, provides the basis for a safe, portable laser ultrasonic system. Generation of ultrasound using a laser pulse directed by an optical fibre has also been described by, for example, Burger er ai (1987) , Prause and Hering (1987) and Peters et ai (1989) . High p e r densities, about 80 mJ in about 10 ns, can be transmitted down large (about 1 mm) core diameter fibres at the Nd:YAG laser wavelength, but at present no viable 10.6 pm optical fibre is available.
Aindow et a1 (1983, 1984) and Cooper et a1 (1985) investigated the use of laser-generated ultrasound in the non-destructive testing of materials. In addition to locating defects using compression and shear waves, extensive investigations into the interaction of lasergenerated Rayleigh w a v e with surface-breaking dcfects were conducted (see, for example, Cooper et a1 1986). It was demonstrated that such defects could be characterized by analysis of the reflected and transmitted Rayleigh wave profiles. Similar laser-generated Rayleigh wave investigations have been reported by Maldague et ai (1986) , Doyle and Scala (1987, 1990) , Davies and Palmer (1990) and Davies (1991) .
Maldague et a1 (1986) , using the annular source described previously in association with interferometric detection, characterized surface-breaking and nearsurface defects. Similarly Kuei Jen ef a1 (1985) and Cielo ef nl (1987) , using the same annular source, characterized piezoelectric ceramics used in piezoelectric transducers. They illustrated that it was possible to determine from the Rayleigh waveform whether or not the piezoelectric sample had a surface electrode on it. Cielo er nl (1987) compared the various techniques available for the characterization of samples such as piezoelectric ceramics. Doyle and Scala (1987, 1990) , developing a technique previously described theoretically by Mendelsohn ef a1 (1980) and Achenbach et a1 (1980) , characterized corner surface-breaking defects using the oscillation which occurs in the reflected and transmitted displacement waveforms. They demonstrated that the Iength of such a defect could be determined from a measurement of the period of oscillation in the reflected Rayleigh wave amplitude when dotted as a function of ultraLorenz el uf (1989, 1990) , Scruby (1989) and Scruby a a1 (1990) reported on the non-contact inspection of surface coatings. Lorenz ef nl (1989, 1990 ) (see figure  15 ) used the dispersive properties of the broadband lasergenerated Rayleigh waves to determine the layer thickness from phase velocity data. Whilst Scruby (1989) and Scruby er a1 (1990) Symmetric and antisymmetric Lamb waves generated by a laser in samples typically < 1 mm thick may be used to locate flaws in pipelines. Harker (1988) and k s n e et a1 (1%)) described the methods used to detect defects using this wave mode. The use of Lamb waves to measure sample thickness will be discussed in a later section.
sonic frequency. Such a method has also been used by Davies (1991) to characterize surface-breaking defects in plane surfaces. Other techniques for the characterization of surface-breaking defects using laser-generated (1989) . Ultrasonic slowness curves were constructed for fibreglass/polyester and silicon (100) samples using an iso-angular scanning geometry. Good agreement between the experimental and theoretical values was obtained, as illustrated in figure 17 . However, one should be aware that point source and receiver techniques measure the velocity of the wavefront and this can be very different from the velocity surface. This is illustrated in figure 18 , where measurements, performed by the present authors, of the wavefront ve-340 locity surfaces in singlecrystal aluminium are presented. The experimental data, determined using EhiAT deteo tion of the normal and tangential motions, lie closer to the theoretical wavefront surface than to the veloo ity surface. Aluminium is only slightly anisotropic and the two surfaces only deviated slightly, but in more anisotropic media the surfaces can deviate geatly and the shear wave can exhibit cusps and be multi-valued in particular directions (Musgrave 1954 figure 19 ). Significant changes in the velocitytemperature profile were observed in the iron sample both at its Curie temperature (about 768°C) and at the ferritioaustenitic transformation (about 910 "C).
The use of ultrasonic velocity and attenuation measurements to locate transition temperatures is an established technique p e l 1 et ul 1969). Current techniques generally use piezoelectric probes cemented to a crystal. It is possible that laser ultrasonics will be used in the future, especially on superconducting crystals, since, using velocity and attenuation measurements, it is possible to determine the bandgap of the superconducting crystal p e l 1 et a1 1969). The present constraint on performing these measuremcnts on high-temperature superconducting crystals is that their coherence length is, at present, too low. Aleksandrov (1989) described how Mandlestamm-Brillouin (MB) light scattering has been used to measure the Rayleigh wave velocities on superconducting single crystals. A cw laser modulated at about 500 M H z using a Bragg cell is used to heat the surface periodically. This produces a Rayleigh wave whose velocity can be inferred from the frequency shift of a probe laser beam observed in a high-finesse FdbryPerot cavity.
Aussel and Monchalin (198%) measured the acoustic velocities of a variety of solids using a cross correlation technique. Tbe diffraction correction owing to the finite size of the laser source and detector was estimated and subtracted from the time delay measurements. The absolute accuracy of the ultrasonic velocity in piezoelectric ceramics, metal-ceramic composites and single-crystal germanium ws typically < 1%, as indicated in table 3. This accuracy in the determination of the ultrasonic velocity resulted in corresponding errors in the elastic moduli of < fl%, which was judged to be as accurate as the more classical piezoelectric pulseecho and resonance methods. They are compared in tables 4 and 5. Measurements of laser-generated ultrasonic attenu- ation in various solids, ranging from porous solids to metals, have been described by Rlschow (1988).
Hutchins et a2 (1989b), Aussel and Monchalin (1989b), Scruby (1989) and Paul er al (1989) . Ultrasonic attenuation measurements are well suited for the microstructure characterization of materials. The wide-bandwidth nature of ultrasound generated by a laser can be used to investigate materials with large and small grain sizes with comparable accuracy to piezoelectric techniques, as shown, for example, in figures U) and 21. Paul et a1 (1989) used the Rayleigh approximation, where the amount of scattering is inversely proportional to the fourth power of the ultrasonic wavelength, to describe the scattering of the laser-generated ultrasound. The total attenuation spectrum obtained from various steel plates was related m the average grain size using this approximation. Other investigations in this field include that by Greenough ef al (1987), who used lasergenerated symmetric Lamb waves to assess the strw tural change in metallic amorphous ribbons. The results are summarized in figure 22 .
Determination of thin film thickness
The short temporal width of the laser-generated ultrasonic compression wave pulse using a typical Q-switched laser may be used to determine the thickness of 6lms \< 1 mm thick This is not possible using a piezoelectric probe, as the temporal width of the ultrasound produced in this manner is typically > 1 ps. If the ultrasound is generated so as to reflect back and forth between the thin film surfaces, overlapping of successive echoes 00 curs which cannot be resolved without data processing.
Use of a laser to generate non-overlapping compression waves to determine the thin film thickness has been described by Hutchins et al (1980) and %m (1984) . Hutchins et d (1980) used an Nd: YAG laser to generate compression waves in a liquid layer. Timing be-S J Davies er al Table 3 . A summary of the samples used and the accuracy achieved by Aussei and Monchalin (1989a) using laser ultrasonics for precise determination of the ultrasonic velocity and elastic constants. (1989~) have demonstrated the use of Lamb waves in determining the thickness of metal sheets down to about U) pm thickness (see figure 23 ). Thylor (1990) , using a CO2 laser and a modified knife-edge detector, has demonstrated the CO2 laser production of Lamb waves in polymer sheets (see figure 24 ). This technique employs both the surface flexing of the film, to detect the symmetrical wave, and the elasto-optic interaction between the probe beam and the ultrasound to detect the antisymmetric wave.
Such a technique is ideally suited to on-line monitoring of film thickness during manufacture. A prototype industrial system has been tested.
Use as a standard source
The highly repeatable nature of the laser source and its ability to change its source characteristics makes it an ideal tool to use as a standard source. Use of the laser source in this manner has been described by Hutchins el ai (1981b), Scruby er a1 (1981) and Hutchins and Tam (1986) . In acoustic emission studies, the laser source can be used to model a particular crack mode. Thus it is possible to generate a waveform using the laser source similar to that received in an acoustic emission study. The properties of the irradiated surface and the incident laser pulse define the type of source, which in tum can be used to determine the crack mode stress intensity. For example, the stress field around the thermoelastic source, to a first approximation, appears to be of a si, -ilar form to that surrounding a vertical mode I crack at the surface of a plate, in that the latter is also composed principally of horizontal force dipoles (see figure  25) . When a laser pulse is incident upon a transfer block with a 4.5' notch it generates a stress field that includes a vertical force dipole which simulates a horizontal mode I crack (Scruby er al 1981). It is also used to calibrate acoustic emission transducers (Scruby er al 1981, Scruby 1989).
Another area in which the laser source may be 4.5. Acoustic microscopy Acoustic microscopy as a technique for the characterization of a surface has been described by, for example, Lemons and Quate (1979) . Discussions on the use of a laser pulse to replace the ZnO transducers and coupling medium (usually water) in generating high-frequency ultrasound may be found in Wickramasinghe et a2 (1978) ,
Hutchins and %m (1986 ), Lyamshev (1987 ), Favro et a1 (1988 and Hauden et al (1989) . Use of an interferometer to detect the ultrasound would greatly enhance the technique. To generate the high frequencies either a laser with a short (picoseconds) pulse width or repetitive @switching, at a frequency sufficient to produce ultrasonic pulses with a fundamental frequency of hundreds of megahertz (Wickramasinghe et a1 1978), is required.
Miscellaneous applications
In addition to the applications of laser-generated ultrasound described already, there are several other applications which cannot be as conveniently classified. This section gives a summary of the other applications published. Yang (1974) proposed that the generation of stress waves in thin metallic films by a Q-switched laser pulse could be used in the detonation of high explosives. This made use of the high pressures developed by irradiating a metallic surface through a constraining layer with a laser pulse. Fairand and Clauer (1979) suggested that the high pressures generated could be used to produce significant changes in the in-depth microstructure and mechanical properties of metal alloys. More recently, Bournot ef a1 (1987) have investigated the surface hardening of aluminium, titanium and steel after a highpressure shock wave was generated using an Nd : YAG laser. They suggested that large shocks could be created without affecting the surface quality of metals.
Hutchins and Tam (1986) described a method for the potential monitoring of annealing processes by observing the laser-generated acoustic signal. Of particu- lar interest was the laser annealing of silicon during its manufacture. Another use they described was the determination of charge distribution in dielectrics. The laser pulse was used to provide reproducible shortduration pressure transients within the dielectric. This pressure pulse produced a local electric field (which was determined from measurement of the current in an external circuit) which could be related to the charge density. Deev and F'yatakov (1988) described the generation of acoustic waves by the action of a pulsed laser beam on a space-charge grating formed in a bismuth germanate crystal. It was stated that a special kind of photoacoustic effect with memory occurs in such a photorefractive crystal, which could have applications to acousto-optical signal processors. Harata and Sawada (1988) have used lasergenerated ultrasound in the determination of candle flame parameters. A laser-induced grating (Harada et a1 1987) was used to generate the ultrasound, which was optically detected using Bragg diffraction of another laser probe (see figure 26) . Measurement of the ultrasonic velocity enabled the flame temperature to be determined by assuming the flame to be an ideal gas.
This research has application i n the remote monitoring of real combustion diagnostics.
Von Gutfeld (1980) proposed a scheme for medical diagnostics using laser absorption at a rubber-water interface i n order to perform acoustic tomography. As far as the authors are aware, the technique has not received any further investigation. Johnson et al (1987) , Johnson (1988) and Carlson and Johnson (1988) considered theoretically, using finite-element techniques, moving plastic bubble anb detected using a He-Ne laset beam deflection technique. and experimentally the laser generation of ultrasound in a weld pool. The aim of these investigations is to develop a truly automated welding system using information obtained from ultrasonic measurements as a feedback device to the welding process. Bnkovsky and Pelzl (1989) generated resonant elastic modes in bonded materials and in optical fibres by the thermoelastic mechanism. The acoustic spectra excited were observed to be unique for a particular material. This Acoustic waveforms for (i) ultrasound generated ty pulsed laser in a notched specimen, (ii) ultrasound generated by propagating cleavage crack in steel 'Yobell' specimen and (iii) theoretical waveform for a crack source in a half-space.
could have applications in the control or evaluation of the elastic parameters for optical fibres. One application for which no research has at present been reported is in the use of laser ultrasound for the determination of residual stress (described by, for example, Pa0 er a1 (1984) . Allen and Sayers (1984) and Pritchard (1987) ). Precise measurement of velocity as a function of propagation direction within a particular sample could be achieved using a point source and p i n t detector. The change in velocity with angle in rolled steel owing to its residual stress has a magnitude of about Changes owing to the crystal structure also occur but these may be eliminated if time measurements can be made to an accuracy of or better. Laser ultrasonics has the potential for achieving the requisite accuracy, thus enabling accurate determination of the residual stress within a material. 
Conclusions
brious aspects of the laser-generation of ultrasound have been described with particular emphasis on its areas of application. Descriptions of the different mechanisms for, and properties of, laser-generated ultrasound in different generation regimes were given. This was followed by a description of the many applications of laser-generated ultrasound which is the main research activity at present.
Most of the research has been conducted in a laboratoly environment, but laser ultrasonics h a technique which seeks application in an industrial environment. Wing to the great expense and safety requirements for a portable laser ultrasound system, it seems unlikely that it will replace those areas of application where the use of piezoelectric transducers is adequate. Thus laser ultrasonics may be developed for applications in which it is not possible to use piezoelectric transducers, such as in hostile environments or on awkwardly shaped 
